via the internal thoracic artery and vein, respectively. We sutured electrocardiogram leads to the chest wall and opened the pericardium widely to expose the pulmonary artery, the right and left atria, and the right ventricle. After pacing wires were sutured onto the surface of the right ventricle, the atrioventricular node was ablated by the method of Steiner and Kovalik (6) . Briefly, the ascending aorta was dissected free from the pulmonary artery, and the right atrium was retracted inferiorly. A bent 25-gauge needle on a tuberculin syringe was used to inject 0.1-0.2 ml of 40% formalin into the region of the atrioventricular node. The needle was inserted about 0.5-1.0 cm along the base of the aorta, between the aorta and the right atrium. Before injection of formalin, 1 mg/kg lidocaine was injected intravenously to inhibit ventricular ectopy.
Once atrioventricular block was established, the right ventricle was paced at a rate of 200 bpm. We then placed a calibrated electromagnetic flow transducer around the ascending aorta. Polyvinyl catheters were placed in the left atrium and the main pulmonary artery. In two lambs, we inserted a polyvinyl catheter into the left ventricle to measure left ventricular end-diastolic pressure. A no.8F polyvinyl tube was placed in the pleural space to drain the chest. The catheters, wires, and the pacemaker were placed in a cloth pouch attached to the lamb's flank. All the lambs were paced continuously at a heart rate of 200 bpm; this heart rate was chosen because it approximates the resting heart rate in normal lambs 1 to 2 wk of age (l, [7] [8] [9] [10] . The pacemakers and pacing electrodes used in 14 of the lambs were constructed in our laboratory. We used an extended range constant voltage pacemaker powered by two 9-V batteries. The pacemaker had a pulse voltage output of 1-9 V and a pulse duration of 5 ms. The entire pacing mechanism was encapsulated in silicone rubber and controls for voltage and heart rate were exposed. We used platinum iridium pacing electrodes attached to 40-inch Tefloncoated stainless steel wires. In the 15th lamb, we paced the heart with a specially designed Enertrax 7 100 pacemaker with pacing electrodes (Medtronics, Minneapolis, MN). The lambs received intramuscular antibiotics (100,000 U/kg procaine penicillin and 50 mg/kg dihydrostreptomycin) for the first 5 days after surgery. With the exception of one younger lamb studied 2 days after surgery, all lambs were allowed to recover for at least 3 days after surgery, a period of time adequate for return of normal hemodynamic status (1 1).
Studies. The lambs were weighed before each study. They were then blindfolded, placed erect in a sling, and studied in a room with temperature controlled at 22-25" C. Aortic mean and phasic pressures, left atrial mean and phasic pressures, heart rate, and the electrocardiogram were recorded continuously on a Beckman or Gould multiple channel recorder. Left ventricular output (less coronary flow) was measured with an electromagnetic flow transducer (C & C Instruments, Culver City, CA) connected to a Statham SP2202 flowmeter. The electromagnetic flow transducer and flowmeter system had a frequency response of 100 Hz, a reproducibility of &2%, and a percent error of 5%. Systemic vascular resistance was estimated by dividing mean aortic pressure by cardiac output. Blood samples of 0.5 ml were obtained from the aorta and main pulmonary artery for measurement of hemoglobin concentration and oxygen saturation on a Radiometer hemoximeter (OSM2).
We studied eight lambs aged 5 to 13 days, the younger group, and seven lambs aged 15 to 36 days, the older group. On 1 day, we examined the effects of changing heart rate, afterload, and preload. On a different day we studied the effects of isoproterenol infusion.
To examine the effect of changes in heart rate alone, we measured the hemodynamic variables after 10-15 min of stabilization at rates above baseline: increases above (240, 260, 280, 300, 360 bpm) and below baseline (170, 130, 100, 60 bprn). In five of the studies, the rate was initially decreased below baseline (200 bpm) in a stepwise manner and then increased above baseline. In the other nine heart rate studies, the reverse order was used. Examination of the electrocardiogram and cardiac output measurements revealed that, when atrial and ventricular rates were similar, the atria and ventricles would intermittently contract sequentially and simulate normal atrioventricular sequential pacing. When this occurred, the cardiac output on occasion increased by as much as 20 mljkglmin. This occurred in several of the studies, and was seen to occur when the paced ventricular rate was comparable to the normal atrial rate (approximately 180-220 bprn). In this circumstance, the average of the minimum and maximum cardiac outputs was used as the cardiac output measurement for that heart rate. In early studies, the range of the pacemakers used was 130 to 260 bpm. In later studies, we were able to expand the range of the pacemaker from 60 to 360 bpm. Thus, not all lambs were studied at the extreme high and low heart rates (see Fig. 1 ). Upon completion of the heart rate study, the rate was returned to 200 bprn and the lambs were allowed a 30-min recovery period.
Afterload was changed by sequential infusions of nitroprusside and phenylephrine while heart rate was fixed at 200 bpm. Each drug was infused first at a rate of 1 pg/kg/min; infusion rate was increased every 5-10 min until aortic mean pressure decreased (nitroprusside) or increased (phenylephrine) by approximately 25%; hemodynamic measurements were obtained at this time. The order of the nitroprusside and phenylephrine infusions was varied randomly. After each infusion, the lambs were allowed to recover for 30 min, during which time baseline cardiac output and aortic pressures returned to normal.
Preload was then increased while heart rate was fixed at 200 bpm. We infused maternal sheep blood or, if no blood was available, 0.9% NaCl solution (five lambs: three younger and two older) into the superior or inferior vena cava at a rate of about 25 mljkg over 2 min, during which time left atrial mean pressure increased to about twice resting levels. We detected no hemodynamic differences between infusion of blood and saline. Cardiac output was measured continuously during the infusion, and hemodynamic measurements were taken at the point at which the maximal increase in cardiac output occurred.
On a different day, the isoproterenol study was performed. Whereas heart rate was fixed at 200 bpm, isoproterenol was infused first at 0.05 pg/kg/min, and then was increased in a stepwise manner (0.05 pg/kg/min increments) to 0.2 pg/kg/min in 13 lambs (seven younger, six older), 0.3 pg/kg/min in 12 lambs (five younger, seven older), and 0.5 pg/kg/min in eight lambs (three younger, five older). Increases were made every 10-15 min, and hemodynamic measurements were made after a steady state was reached at each infusion level.
Analysis. Data between age groups were compared using the unpaired t test. Data within age groups (pre-versus postintervention) were compared using the paired t test. Correlation coefficients (?) were calculated where indicated. All values are expressed as mean * SD.
RESULTS
Blood gases, Hb concentration, and oxygen saturation of arterial blood were normal in all lambs at the time of study (Table  1) . These values were not significantly different between age groups. The baseline cardiac outputs in both age groups were somewhat lower than those we have reported previously in lambs of similar age (1, 7, 9). As expected, baseline cardiac outputs related to body weight were lower in the older group of lambs, although this was only statistically significant on the day of the isoproterenol studies.
Effects of changing heart rate, preload, and afterload. Increasing heart rate above baseline levels of 200 bprn by ventricular pacing caused no significant increase in cardiac output in the younger lambs (3.9 +_ 4.0%) and only a small increase in cardiac output in the older lambs (1 1.4 f 6.7%) (Fig. la) . The mean heart rate at which the maximal cardiac output was attained was similar for both groups (younger: 237.4 f: 24.1 bpm; older: 246.9 f: 9.4 bprn). Decreasing heart rate below baseline levels, however, resulted in progressive decreases in cardiac output, reaching Heart Rate (bpml about 50% of baseline values at heart rates of 60 bpm. Aortic mean pressure remained stable throughout the range of heart rates, except when heart rate was decreased to 60 bpm, at which point aortic mean pressure fell in both groups of lambs (Fig. 1 b) . Calculated systemic vascular resistance increased in both groups of lambs as cardiac output fell at the lower heart rates ( Fig. 1 c) . Baseline left atrial mean pressure was mildly elevated in both groups of lambs (younger: 8.0 f 2.4 mm Hg; older: 7.7 + 4.2 mm Hg), and did not change significantly when heart rate was changed, except in the older lambs, in which it rose significantly when heart rate was decreased to 60 bprn (14.2 k 6.0 mm Hg, p < 0.05).
Infusion of nitroprusside while heart rate was fixed at 200 bprn caused a small increase in cardiac output in five young lambs and a small decrease in output in two; the mean change was not statistically significant (1.7 + 14%). In all the older lambs cardiac output increased slightly, but significantly (mean value of 1 1.1 & 1.9%) ( Table 2 ). The aortic mean pressure and systemic vascular resistance decreased, and in the nine lambs in which the left atrial catheter was functioning at the time of study, left atrial mean pressure decreased. There was no correlation between the baseline left atrial mean pressure and the change in cardiac output attained by infusing nitroprusside.
Phenylephrine infusion while heart rate was fixed decreased cardiac output in both groups of lambs by about 15%, but the decrease was statistically significant only in the younger lambs. Both groups showed similar increases in aortic mean pressure, systemic vascular resistance, and left atrial mean pressure (Table  2) . Inasmuch as a-adrenergic agonists have been shown to have positive inotropic effects in the myocardium (12), it is possible that an increase in inotropic state during phenylephrine infusion may have limited the decrease in cardiac output.
Intravenous infusion of blood or 0.9% NaCl solution while heart rate was fixed resulted in a significant increase in cardiac output of 20% above baseline levels in the younger lambs (Table  2 ). In the older lambs cardiac output increased by about 16%, but the change was not significant. Aortic mean and left atrial mean pressures increased to a similar extent in both groups. There was no significant difference in the increase in cardiac output between those lambs that received blood and those that received 0.9% NaCl solution.
Isoproterenol response. Infusion of isoproterenol while heart rate was fixed at 200 bprn caused a significant increase in cardiac output in both the younger and the older lambs. Although the absolute cardiac output per kilogram was higher in the younger lambs at all doses of isoproterenol (Fig. 2a) , the percentage increase in cardiac output above baseline in the older lambs (64.0 + 20.0%) was nearly twice that in the younger lambs (33.5 f 10.8%) (Fig. 2b) . Aortic systolic pressure and aortic pulse pressure increased in both groups of lambs, but the percentage increase was greater in the older lambs. Aortic diastolic pressure decreased significantly in both groups, but the percentage decrease was greater in the younger lambs. The net result of these alterations was a decrease in aortic mean pressure in the younger lambs and an increase in the older lambs (Fig. 3) . Systemic vascular resistance decreased to a similar extent in both groups, and left atrial mean pressure changed variably.
DISCUSSION
Over the past decade, the concept has developed that during the fetal and early postnatal periods, the immature heart is limited in its ability to increase stroke volume in response to increased filling pressure (1-4) . Studies in fetal lambs demon- strated that ventricular output increases moderately in association with increased heart rate, and falls markedly when heart rate falls spontaneously or with vagal stimulation (5). In newborn lambs of different postnatal ages, there is a close relationship between the percentage increase in heart rate and the percentage increase in cardiac output in response to hypoxia (13) ; also, the administration of propranolol during hypoxia abolishes the heart rate response as well as the increase in cardiac output (14) . Based on these observations, it has been suggested that heart rate is an important factor regulating cardiac output because of the limited ability of the immature heart to modify stroke volume. The use of pharmacologic agents used in many experimental studies to regulate heart rate by causing parasympathetic and sympathetic nervous blockade has several disadvantages. Because parasympathetic activity in the fetal and newborn animal usually is dominant, combined blockade is associated with an increase in heart rate above resting levels; thus, responses have to be examined at a constant rapid heart rate. These drugs also affect peripheral blood vessels and have variable influences on the myocardium. Thus, although propranolol causes only a small decrease of resting heart rate and cardiac output in the newborn lamb, it markedly reduces the increased cardiac output increase during volume loading (1) .
We developed the model of atrioventricular block with controlled ventricular pacing in newborn lambs to avoid the complicating effects of autonomic blockade as well as to enable regulation of ventricular rate over a wide range. We elected to pace the right ventricle while measuring left ventricular output because previous studies had shown that ectopic stimulation of either ventricle slightly reduces its stroke volume (1 5), although other studies have shown no hemodynamic differences between ventricular pacing sites (16, 17) . Atrioventricular block with ventricular pacing is not associated with normal cardiac dynamics because the lack of synchronicity between atrial and ventricular contraction may interfere with effective ventricular filling.
Mitchell et al. (1 8) have shown that appropriate atrioventricular sequencing does increase stroke volume in adult animals, but the effect is only significant at high heart rates. It would have been preferable to use atrioventricular sequential pacing in this study. However, at the time this study was performed, there was no commercially available implantable pacemaker that could chronically pace at a rate of 200 bpm, and also be acutely varied over a range of 60-360 bpm. For this reason, we developed our own pacemaker that was capable of chronic ventricular pacing, could meet the above criteria for acute changes in heart rate, and was small enough to fit into a pouch attached to a newborn lamb's flank.
Dissociation of atrial and ventricular contraction may well explain the somewhat lower baseline cardiac outputs in this series of animals as compared with our previous observations (1, 7, 9) . It also explains the higher resting mean left atrial pressures observed in the lambs with atrioventricular block: when atrial contraction occurred at times when the mitral valve was closed, giant, or cannon "a" waves were generated. This phenomenon introduces some question regarding the use of mean left atrial pressure as a reflection of mean filling pressure of the left ventricle. We did measure left ventricular end-diastolic pressure in two lambs to attempt to derive a more accurate estimate of ventricular filling pressure. However, the measured left ventricular end-diastolic pressure, particularly at the higher heart rates, showed very large beat to beat variability. This was probably related to the asynchronous atrial and ventricular contractions, inasmuch as left ventricular end-diastolic volume and pressure would be higher when ventricular contraction appropriately followed atrial contraction, and lower when this did not occur. Because of this variability, the measurement of this pressure was abandoned.
The studies have demonstrated that increasing heart rate with ventricular pacing above normal resting levels in lambs does not have a dramatic effect on cardiac output. In the younger lambs it had no effect, and in older lambs maximal increase in output with increasing heart rate was only about 10% above baseline. This lack of effect was not related to changes in arterial or left atrial pressure, which remained constant at all ventricular rates. Decreasing heart rate, however, had a profound effect on cardiac output, which fell progressively. This suggests that there is a limitation in the ability of the immature heart itself to respond to bradycardia with an increase in stroke volume adequate to maintain cardiac output. The ineffective stroke volume response does not appear to be related to changes in afterload or preload because arterial and left atrial mean pressures were also constant except at the lowest heart rate, when arterial pressure fell and left atrial pressure increased.
We know of no previous studies specifically examining the effects of heart rate on cardiac output in the newborn. In the adult, cardiac output is unaffected over a broad range of rates (19, 20) . Studies in the fetus, however, have shown that whereas spontaneous changes in heart rate correlate with changes in left and right ventricular outputs, the effects of atrial pacing are far less consistent and depend on which atrium is paced ( 5 , 2 1, 22) . Left atrial pacing has been shown to decrease left ventricular output (5, 21), and either not change (22) or increase (5) right ventricular output. In contrast, right atrial pacing has been shown to increase both right and left ventricular outputs in one study (5), but did not change left ventricular output and decreased right ventricular output in others (21, 22) . By measuring left ventricular minor axis dimension, Anderson et al. (21) showed that changes in end-diastolic volume are important in determining stroke volume and ventricular outputs in response to atrial pacing in the fetus. In our study, no attempt was made to maintain end-diastolic volume during pacing, and this may partially account for the limited increases in cardiac output in response to ventricular pacing.
The response of the heart of the newborn lamb to increased systemic vascular resistance and aortic pressure induced by phenylephrine is similar to that observed in the fetus by Gilbert (2) and Thornburg and Morton (4) . We observed an approximate 15% fall in cardiac output in both groups of lambs. Because phenylephrine produced an increase in left atrial mean pressure with, presumably, an increase in left ventricular filling pressure, the fall in output represents a limited ability of the heart of the neonate to respond to the increase in afterload induced by phenylephrine.
Decreasing systemic vascular resistance and arterial pressure by nitroprusside infusion resulted in no significant change in output in the younger lambs and only a small increase in the older lambs. However, this cannot be interpreted to indicate that a decrease in afterload cannot increase cardiac output: left atrial mean pressure also decreased considerably during nitroprusside infusion, indicating that preload decreased concomitantly with the decrease in afterload (23) .
The increase of cardiac output in response to volume infusion was less marked than that reported by Klopfenstein and Rudolph (1) . In that study, volume infusion caused a 35% increase in cardiac output in 1-wk-old lambs, but a 58% increase in older lambs, suggesting a diminished capacity of the newborn to respond to volume loading. In contrast, volume infusion in our study caused only a modest increase in cardiac output (19.9 + 13.8%) in the younger lambs and no appreciable increase (15.8 + 18.2%) in the older lambs. There are several possible reasons for this discrepancy. We infused less volume, and our initial left atrial mean pressure was higher as a result of ventricular pacing; thus the increase in left atrial mean pressure with volume infusion was much less in our study (8) (9) mm Hg compared to 15-20 mm Hg), so that the expected increase in cardiac output should be similarly diminished. We also performed the volume infusion during ventricular pacing with asynchronous atrial and ventricular contractions. Inasmuch as the timing of atrial systole relative to ventricular systole is extremely important for optimal atrial emptying (24), particularly with high left atrial pressures, the absence of atrioventricular synchrony limits left ventricular filling and thus cardiac output. Finally, both mitral regurgitation (25) and pulmonary venous regurgitation (26) have been reported with improper timing of atrial systole relative to ventricular systole, so that a proportion of left ventricular output does not contribute to forward cardiac output. All of these factors contribute to the limited increase in cardiac output in response to volume loading seen in our study.
We described developmental changes in the regulation of cardiac output in lambs of two different ages. Increasing heart rate or decreasing afterload without changing heart rate increased cardiac output to a greater extent in the older lambs. In contrast, increasing preload at fixed heart rate caused a greater increase in cardiac output in the younger lambs. This latter finding is in conflict with previous studies that demonstrated a greater increase in cardiac output with increasing preload in older lambs (I). Romero and Friedman (27) and Romero et al. (28) suggested that the limited volume response in the fetus and newborn was the result of decreased ventricular compliance. We believe that our discordant findings can be explained by the issues discussed previously: the loss of atrial contribution to ventricular filling in our lambs may cause a greater decrease in filling in the older, more compliant ventricles; regurgitation may be greater at the slower heart rate in the older lambs; and higher initial left atrial pressure may limit the differences in compliance which, at lower pressures, allow for greater ventricular filling in the more compliant ventricles of the older lambs.
Considerable controversy has been raised regarding the potential effectiveness of P-adrenoreceptor agents in increasing myocardial performance during the newborn period (7, 10, (29) (30) (31) (32) . We have entertained the possibility that the main mechanism by which P-adrenergic agonists increased cardiac output in the neonate is through their effects in increasing heart rate rather than increasing contractility. Our studies, in which ventricular rate was kept constant, clearly demonstrate that a marked increase in cardiac output resulted with isoproterenol infusion. It was not possible to determine if this was related to a directly myocardial inotropic effect or to a reduction in afterload associated with peripheral vasodilatation and reduced aortic diastolic pressure. It was of great interest that the cardiac output increase over baseline levels was proportionately much greater in the older lambs. This was not related to significant differences in left atrial pressure; also, arterial pressure fell to a greater extent in the younger animals so that possible differences in afterload reduction could not explain the responses. The findings are in accord with our previous report concerning the changes in resting myocardial contractility and the responses to isoproterenol associated with postnatal age in lambs. Teitel et al. (7) showed that during the first 4 wk after birth. mvocardial contractilitv , -progr~ssively decreased and response to isoproterenol increased. They suggested that the heart is under considerable sympatheticoadrenal stimulation in the early postnatal period, and this effect wanes over several postnatal weeks. Our studies, in which the effects of isoproterenol on heart rate, left atrial pressure, and aortic pressure differences are excluded as causes of the change in response with age, support the concept that there is a postnatal change in P-adrenoreceptor stimulation of myocardial performance.
